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Abstract Formation of laser-induced periodic surface structures (LIPSS or rip-
ples) was studied on a metallic surface of polished copper by using irradiation with
multiple femtosecond laser pulses in different environmental conditions (air, wa-
ter, ethanol and methanol). Uniform LIPSS have been achieved by controlling the
peak fluence and the overlapping rate. Ripples in both orientations, perpendicular
and parallel to laser polarization, were observed in all liquids simultaneously. The
orientation of these ripples in the center of the ablated line was changing with the
incident light intensity. For low intensities the orientation of the ripples is perpen-
dicular to the laser polarization, whereas for high intensities it turns parallel to
it without considerable changes in the period. Multi-directional LIPSS formation
was also observed for moderate peak fluence in liquid environments.
Keywords ripples · periodic structures · ultrashort laser pulses
1 Introduction
Laser-induced periodic surface structures (LIPSS or ripples) were reported for the
first time by Birnbaum in 1965 [1], where he revealed a system of parallel straight
lines on a germanium surface upon irradiation with a ruby laser. Nowadays two
types of LIPSS are studied on metal and semiconductor surfaces: (1) low spatial
frequency LIPSS (LSFL), which period is comparable to the wavelength of the
incident light and orientation of LIPSS perpendicular to the light polarization and
(2) high spatial frequency LIPSS (HSFL), which period is several times smaller
and the orientation can be either parallel or perpendicular to the polarization
[2]. The physical processes involved in the formation of this pattern are still not
understood completely and several theories describing interaction between laser
light and the solid surfaces can be discussed. The most probable mechanisms of
Evgeny L. Gurevich
Chair of Applied Laser Technology, Ruhr-Universita¨t Bochum, Universita¨tsstraße 150, 44801
Bochum, Germany
Tel.: +49 234/32 29891
E-mail: gurevich@lat.rub.de
2 Stella Maragkaki et al.
the LIPSS formation involve interference of laser light on surface plasmons [3–5]
or hydrodynamic instabilities [6–8]. A combination of these both mechanisms is
also possible [9–11].
Analytical estimations show that the conditions for the Rayleigh-Taylor in-
stability can be fulfilled for femtosecond laser ablation [9]. Moreover, molecular
dynamic simulations of laser ablation in water demonstrate excitation of this in-
stability and indicate its role in the formation of nanoparticles upon femtosecond
laser ablation in liquids [12]. In this case the deacceleration required for the insta-
bility is provided by the dense liquid environment, which stops the expansion of the
molten metal surface. However, in frames of the strong explosion approximation
[13], the density of the environment plays a minor role, because the acceleration
is scaled with the environmental density to the power of 1/5. Consequently, the
same mechanisms can be expected by the LIPSS formation in liquids and at at-
mospheric conditions. However, the effect of the liquid environment may be more
complex, so it can e.g., change the resonance conditions for excitation of surface
plasmons [4] or broaden the spectrum of the incident beam [14].
The LIPSS are usually studied by ablation at atmospheric conditions in order
to simplify the experiment. Several experiments on LIPSS formation on surfaces of
metals and dielectrics in different liquids such as water, ethanol (C2H5OH), carbon
tetrachloride (CCl4), trichlortrifluorethan (C2Cl3F3) and others, see e.g., [4, 15,
16] has been published recently. Experiments on LIPSS formation on silicon show
that the environment changes the period of the observed pattern. For example,
the LIPSS periodicity in water was five time smaller than the period in air[4],
whereas in ethanol only 30% decrease [17] was observed. These studies [4, 17]
claimed that the period of LIPSS under water and ethanol is changed compared
to the experiments in the air due to the shift in the plasmon resonance conditions,
which depend on the refractive index of the environment.
In this paper we study LIPSS formation on the surface of copper immersed
in different liquids like water, methanol and ethanol. We focus on the intensity-
dependent change in the orientation of LIPSS in liquids, which is observed in
liquids much stronger than in the air.
2 Experimental Setup
A fiber femtosecond laser (Tangerine, produced by Amplitude Systems) emitting
linear polarized laser pulses delivering 1.5 ps pulses at the wavelength λ = 1030nm
and 1 kHz repetition rate was used for our experiments. A half lambda plate and a
polarizer were used to control the laser pulse energy. Fine polished copper samples
were immersed into a glass vessel so that the liquid-air interface was always 4mm
above the sample. The copper sample was placed perpendicular to the laser beam.
The laser beam was guided onto the surface through a system of galvo-mirrors
and an f-theta lens, where the sample surface was positioned at the focal plane of
the lens, as shown in Fig. 1.
Each line is written in only one run, after which a groove is left on the copper
surface. The scanning direction is almost identical with the direction of the light
polarisation, the deviation between them is approximately 10° due to the angles
between the mirrors in the galvo scanner [18]. The number of pulses per spot
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Fig. 1 Schematic representation of the experimental setup. 1 - laser; 2 - two computer-
controlled mirrors of the galvo scanner; 3 - F-theta lens; 4 - Petri dish with copper sample
immersed in the liquid.
(N/spot) was calculated while taking into account the ablated spot diameter and
the scanning speed. The peak fluence was calculated as ΦP = 2EP/piω
2
0 [19], where
ΦP is the peak fluence, EP the pulse energy and ω0 the beam waist. The latter
is estimated theoretically with ω0 =
λF
pir
M2 ≈ 19 µm, where F = 63mm is the
working distance of the lens, r = 1.15mm is the beam radius at the lens and
M2 = 1.05 - the beam quality factor. We underestimate the real spot size in this
way, but this estimation fits to the line width observed in our experiments.
All experiments are done at relatively high overlapping rateOR ≥ 97% (N/spot≥
33). Experiments at four different environmental conditions were performed (in
air, water, ethanol and methanol). Immersion procedure was performed in normal
atmospheric condition.
Agglomerated nanoparticles remain on the surface after each ablation experi-
ment. In order to remove them we induce small waves on the liquid surface by a
weak air flow before each next experiment. These waves cause a flow in the volume
of the liquid, which removes the agglomerated particles from the sample surface.
The sample position and the liquid inside the vessel remained unchanged until the
end of the whole experimental procedure. A scanning electron microscop (Zeiss
EVO MA 15 ), with electron high tension set at 15 kV and IProbe at 192 pA was
employed for the surface characterization.
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3 Results
The aim of this work is to investigate the influence of different environmental
conditions on the ripples orientation. Here we refer to the orientation of the walls
of the pattern as it is common in the modern literature [2], but not to the grating
vector, which is perpendicular to the fringes, as in earlier publications [20]. To
assess the influence of the different liquids, the amount of each liquid above the
sample surface was chosen to be the same. SEM micrographs are presented below
showing that the ambient conditions have an impact on the ripples orientation
(Fig. 2 - 5). The classical LSFL are formed with period comparable to the laser
wavelength and orientation usually perpendicular to the laser polarization. In the
first set of experiments, for irradiation with low fluence - 0.36J/cm2 in water,
ethanol, methanol and air (Figs. 2a - 5a) it was found that the orientation of
LSFL on copper is always perpendicular to the polarization of the incident laser
radiation, where the period is Λ (LSFL) ≈ 0.5 λ.
Fig. 2 SEM micrographs of LIPSS under 4mm of distilled water, where the direction of
the laser polarization is indicated by the double arrow on the upper left corner, with [a]
peak fluence ΦP = 0.36 J/cm
2 and 1000 pulses/spot, [b] ΦP = 0.9 J/cm
2, 100 pulses/spot,
where the white arrow indicates the perpendicular LIPSS and the black the parallel LIPSS
[c] ΦP = 0.9 J/cm
2, 200 pulses/spot.
Moreover, according to the literature [21, 22], when higher fluences are applied,
additionally to the LSFL in the center, HSFL are observed in the edge, where
the light intensity is lower, with orientation parallel to the polarization. In the
second set of our experiments, a contradicting behavior is illustrated, where the
ripples at higher fluences 0.54−0.9J/cm2 appear to have two different orientations,
perpendicular to each other, but they all belong to LSFL. In (Figs. 2b - 5b) the
white arrows indicate the perpendicular ripples and the black arrows the parallel
ripples in the center. Thus, at the edges the ripples are perpendicular to the laser
polarization, while at the center their orientation surprisingly becomes parallel.
This effect is observed in all ambient conditions, although much more intense and
well confined in liquids and hardly detectable in the air.
As a third step, we increased further the fluence and/or number of pulses.
Obviously the formation of bubbles and inhomogeneous material ablation start,
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Fig. 3 SEM micrographs of LIPSS under 4mm of ethanol with [a] ΦP = 0.36 J/cm
2,
1000 pulses/spot, [b] ΦP = 0.9 J/cm
2, 100 pulses/spot, where the white arrow indicates
the perpendicular ripples and the black those which are parallel to the laser polarization, [c]
ΦP = 0.9 J/cm
2, 200 pulses/spot.
Fig. 4 SEM micrographs of LIPSS under 4mm of methanol with [a] ΦP = 0.36 J/cm
2,
1000 pulses/spot, [b] ΦP = 0.9 J/cm
2, 100 pulses/spot, where the white arrow illustrates the
perpendicular ripples and the black the parallel, [c] ΦP = 1.8 J/cm
2, 100 pulses/spot.
although the previously-described behavior is still presented as shown in (Figs.
2c-4c).
Table 1 One-directional LIPSS parameters on copper surface from (Figs. 2a-5a) in different
environments with fix τ =1.5 ps, λ0=1030 nm, ν=1kHz, (n) and (n2) linear and nonlinear
refractive index [23], (Psf ) threshold power for self-focusing, (Λ) LIPSS period, (Φp) peak
fluence, (Pp) peak power, (N/spot) number of pulses per spot, (⊥) and (‖): orientation of
LIPSS perpendicular or parallel to the laser polarization
medium n n2 [cm2W−1] Psf [MW] Λ[ nm] Φp[ J/cm
2] Pp [MW] N/spot (⊥)/(‖)
air 1 5.0 10−19 3200 895±26 0.36 1.3 50 (⊥)
water 1.33 4.1 10−16 2.9 640±20 0.36 1.3 1000 (⊥)
ethanol 1.36 7.7 10−16 1.5 580±27 0.36 1.3 1000 (⊥)
methanol 1.33 6.9 10−16 1.7 602±22 0.36 1.3 1000 (⊥)
6 Stella Maragkaki et al.
Fig. 5 SEM micrographs of copper irradiation in air. [a] One-directional LIPSS at low
fluences ΦP = 0.36 J/cm
2, 50 pulses/spot and [b] double- directional LIPSS with ΦP =
0.54 J/cm2, 100 pulses/spot, where the white arrow indicates the perpendicular periodic
structures and the black the presence of parallel ripples.
Table 2 Two-directional LIPSS parameters on copper surface from (Figs. 2b-4b) in dif-
ferent environments with (Λ) LIPSS period, (Φp) peak fluence, (Pp) peak power, (N/spot)
number of pulses per spot, (⊥) and (‖): orientation of LIPSS perpendicular or parallel to
laser polarization
medium Λ( nm) Φp( J/cm2) Pp (MW) N/spot (⊥)/(‖)
water 620±37 0.9 3.3 100 (⊥)
∼ 760±128 ∼ ∼ ∼ (‖)
ethanol 575±56 0.9 3.3 100 (⊥)
∼ 640±87 ∼ ∼ ∼ (‖)
methanol 630±30 0.9 3.3 100 (⊥)
∼ 790±205 ∼ ∼ ∼ (‖)
The experimental results are summarized in the tables( 1-2). In table 1 the optical
constants of the liquids as well as the critical power for self-focusing, estimated as
Psf ≈ 0.15
λ2
nn2
for a Gaussian beam [24], can be found.
4 Discussion
We observe that at high intensities of the incident laser radiation, the orientation
of LIPSS in liquids (water, ethanol, methanol) changes and becomes parallel to
the polarisation of light. We cannot give any final explanation of this effect but
can provide some ideas about the background physics, based on the following
observations:
1. The LIPSS orientation changes in liquids whereas in the air at comparable
intensities of the incident light this effect is less pronounced. This indicates
that the LIPSS reorientation is caused (or strongly increased) by the interaction
with the liquid environment.
2. For high intensities of the incident light in liquids, the orientation of LIPSS is
changed only in the middle of the line, where the local intensity of the Gaussian
beam is at maximum. This indicates that the effect depends on the local beam
intensity, and there is a threshold, at which the orientation change takes place.
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Fig. 6 The range of fluences and number of pulses per spot at which one-directional and
two-directional LIPSS appear in all four environmental conditions. The empty square corre-
sponds to the grooves with LIPSS perpendicular to the laser polarization, the filled circles
to the LIPSS with both horizontal and perpendicular polarazation while the filled diamonds
represent the two-directional LIPSS while strong influence of self-focusing is observed.
For lower intensities the orientation of LIPSS remains always perpendicular to
the light palarisation.
3. The periods of the perpendicular and parallel LIPSS are comparable. Hence,
this effect cannot be explained by the transition from LSFL to HSFL, because
the period of these structures differs by almost one order of magnitude [2].
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Fig. 7 SEM micrograph of two-directional LIPSS on copper in ethanol solution with the
laser polarization parallel to the scanning direction, peak fluence ΦP = 0.9 J/cm
2 and
N/spot = 200. (a-d) The 2D-FFT from four different areas of the presented SEM image
The following mechanisms can play role in the rotation of the LIPSS orienta-
tion:
Surface deacceleration caused by the liquid. As suggested in [12] if metals are
ablated in a liquid environment, the melt is stopped due to interaction with the
liquid and this deacceleration can be sufficient to develop the Rayleigh-Taylor in-
stability, which can cause the LIPSS [8]. As mentioned before [13], the acceleration
of the melt surface should be scaled as the fifth-order root of the environment den-
sity, so one can expect slightly different conditions for the stopping dynamics (and
hence for the development of the Rayleigh-Taylor instability) in air and in liquids,
but no considerable difference between different liquids. However this mechanism
cannot directly explain the change in the LIPSS orientation.
Formation of bubbles. Theoretically bubbles can scatter the incident light and
distort the wave front, but in our experiments this effect is reduced due to low
repetition rate of the laser pulses (in all experiments ν = 103Hz) and low peak
fluence. The observed groove widths at high and low fluences (see e.g., Figs. 2-4)
are very similar, which indicates minor effect of the light scattering on the bubbles.
Moreover, the grooves are continuous and never interrupted, which happens as a
big bubble sticks to the surface [25]. There are also some indications in the figure 5b
that ‘two-directional’ LIPSS may be observed in the air, where no bubble formation
is possible.
Self-focusing. The peak powers, at which the LIPSS orientation changes are
reasonably close to the threshold power for self-focusing as shown in tables(1-
2). Moreover, the depth of the ablated line becomes inhomogeneous with deeper
channels as the intensities and pulse overlaps become very high Figs. 2c-4c. On
the one hand, these deep channels cannot be explained by the bubble formation
because a bubble would act as a defocusing lens due to lower refractive index of the
vapor. On the other hand, the self-focusing must be independent on the overlap
(except of change in n2 with the temperature), whereas the bubble formation is
strongly facilitated at higher overlaps. The self-focusing is known to modify the
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wavelength of light and generate plasma in the environment, but it is not clear
how exactly it can turn the polarisation of the incident light on 90°.
Surface morphology. At high intensities of the incident light, the sample is
ablated and deep grooves are formed, so that the following laser pulses shine on a
slightly tilted surface of the groove side walls. The direction of the scan (and hence,
of the groove) is close, but not absolutely equal to the direction of the polarisation
of the light due to the polarisation rotation in the scanner [18]. Thus, there is a
small p-component of the incident electric field on the side surface of the groove,
see figure 8, which can either excite plasmons like it happens in the Kretschmann
configuration, or increase the absorption for the p-polarisation of the incident
light (E⊥ in figure 8), or provide necessary conditions for the erosion/smoothing
model. On the plane surface the conditions for the Kretschmann mechanism of the
plasmon excitation are not fulfilled [26] and the absorption is just about 3-4%, but
on the sloped wall of the groove the light shines onto the metal at a higher angle
and the absorption of the p-component of the polarisation increases. We notice
that the conditions for the surface plasmon resonance are still not fulfilled in this
case, unless a thin dielectric layer (e.g. vapor) with a real refractive index smaller
than that of the liquid appears on the interface [27].
E
E‖
E⊥
E
v
θ
Fig. 8 Schematic representation of the incident electric field and the groove ablated by the
laser. The angle between the polarisation and the scanning direction is θ. On the plane sur-
face the LIPSS are perpenducular to the direction of the electric field, but on the sloped
surface E‖ = Es and E⊥ = Ep, thus the p-polarisation, even small, place key role in the
LIPSS formation.
But also without the plasmon resonance, the absorption of the p-polarisation
increases, see figure 9. The absorption is calculated as A = 1− R with R - reflec-
tivity, calculated by means of Winspall software [28]. In frame of this approach,
the orientation of LIPSS must be also defined by the slope of the surface, which
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agrees with our observations. Profilometer measurements revealed a slope of the
side walls of the groove in the range of 20− 67°. Figure 9 demonstrates, that the
increase in the absorption of the p-component of the incident wave, though less
pronounced, can be observed in the air also. However liquids with higher refractive
index intensify this effect for the groove angles θ . 80°.
 
 
 [
 [
degrees]
]
Fig. 9 Calculated absorption of copper for different incident angles in water (thick black
curve) and in the air (thin red curve) in dependence on the incident angle θ (which corre-
sponds to the slope angle of the side walls of the groove).
Surface charging. The importance of the surface morphology for multi-pulse LIPSS
formation was also discussed in [7] in the context of competition between diffusion
and desorption of atoms from the charged surface upon femtosecond laser ablation.
This model was further developed in [29, 30], where the Kuramoto-Sivashinsky-
like equation was derived for the surface profile evolution. This model predicts
that the LIPSS orientation is changed with the incident angle if the light energy is
deposited asymmetric in the plane of the surface. Although the physical reason of
the charging in our experiments remains unclear due to high electric conductivity
of copper, it is possible that the liquids chemically react with the copper target.
One can assume that this reaction passivates the surface and reduces its electrical
conductivity. Laser-induced chemical modification was reported for iron in [31, 32].
5 Conclusions
We demonstrated experimentally, that the orientation of LIPSS on copper ablated
with multiple femtosecond laser pulses can deviate from the polarisation of the
incident light beam. This effect has been observed in all tested liquids, which are
water, ethanol and methanol in a broad range of fluences ΦP ≈ 1− 10J/cm
2. In
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the air less noticeable change in the LIPSS orientation has been detected only at
intensities ΦP ≈ 0.54J/cm
2 and number of pulses N = 100− 200pulses per site.
Although the complete theory of the observed phenomenon is not clear, different
possible mechanism have been discussed. Most probably, the slope of the walls of
the grooves, which are produced upon laser ablation, changes the local incident
angle of the light, so that the absorption of the p-polarisation component increases.
From this point of view, liquid environment with high refractive index increases
the absorption of this component of the incident electric field. It is also possible
that the liquid facilitates the surface charging, which triggers the change in the
ripples orientation. The self-focusing and bubble formation may contribute to the
inhomogeneous groove profile, which is responsible for the state with mixed LIPSS
orientation.
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